• Estimation of enthalpy of formation and Gibbs free energy of formation • Thermodynamic data for biodiesel esters • Comparison between the quantum method and the group contribution method • Adjustment of correction parameters as function of molecular chain size Abstract A lot of recent research has focused on the study of biocatalysts and nanocatalysts to improve biodiesel production. However, knowledge of the thermodynamic properties of the reaction components is necessary. In this work, the enthalpy of formation and Gibbs free energy of formation for methyl to pentyl esters were calculated using the Gaussian quantum chemistry software (model B3LYP/6-31G(d, p)) and the group contribution method of Constantinou and Gani (MCG). The values obtained by both methodologies present certain differences in relation to the values in the literature. Thus, three correction parameters, which were based on the number of atoms of 26 different molecules, were estimated by minimizing the error function and later used to extrapolate the results to larger molecules of interest. After the use of the correction parameters, the mean deviation between the experimental and calculated values by Gaussian was 0.723% for enthalpy and 1.087% for Gibbs, whereas for MCG, it was 1.324 and 2.540%, respectively. As the methodology proved to be efficient, the thermodynamic properties of the formation of 23 esters that compose the biodiesel were estimated. These properties are of great importance, mainly for the calculation of chemical equilibrium and reaction data in the development of new catalysts.
Transesterification, the most commonly used method for producing biodiesel, is a chemical reaction between a triglyceride and three alcohol molecules, producing three ester (biodiesel) molecules and a glycerol molecule [4, 8] . Methanol, ethanol, propanol, butanol and pentanol are examples of alcohols used for the production of biodiesel. Each alcohol used in the transesterification results in a different group of esters. With the use of methanol there is the generation of FAME -fatty acid methyl ester, with the use of ethanol there is FAAE -fatty acid ethyl ester, with the use of propane there is FAPrE -fatty acid propyl ester, with the use of butanol there is FABE -fatty acid butyl ester, and with the use of pentanol there is FAPnE -fatty acid pentyl ester [9] . The most commonly used alcohols in the transesterification process are methanol and ethanol [4] . However, propanol, butanol and pentanol have been gaining prominence with the advancement of new technologies such as the development of biocatalysts and nanocatalysis.
The enzymatic transesterification has the advantages of producing a high purity biodiesel, a highthroughput transesterification reaction with low reaction time, and allowing easy separation of the byproduct glycerol [10, 11] . On the other hand, nanocatalysts can solve the most common problems of heterogeneous catalysts, such as resistance to mass transfer, rapid deactivation and inefficiency [12] .
An important procedure for the understanding and improvement of reversible reactions is the calculation of the chemical and phase equilibrium of the system over various operating conditions [13] [14] [15] . The calculation of chemical equilibrium requires information of the compounds involved in the reaction, such as the enthalpy of formation and the Gibbs free energy of formation [16] . These thermodynamic properties are not currently available in the literature for a large number of long chain ester molecules.
There are several computational tools in the literature to calculate the thermodynamic state properties of pure substances and mixtures employing the theory of quantum chemistry. Some examples of quantum chemistry software are Gaussian [17] , GAMESS [18] , HyperChem [19] , MOLCAS [20] , PUPIL [21] , QUANTUM ESPRESSO [22] , ORCA [23] , DALTON [24] , CADPAC [25] and ACESS [26] .
The group of John Pople, who was awarded the Nobel Prize in 1998, developed the Gaussian software, used in this work, in 1970 at Carnegie Mellon University. Gaussian features a user-friendly computing environment and robust methods for a variety of calculations. There are several applications, such as characterization of chemical bonds [27] [28] [29] , study of molecular vibrational dynamics [27] , reactivity [29] , potential redox [30] , orbital optimization [31] and calculation of chemical properties [15, 29, 32, 33] .
Gaussian software works on the resolution of the Schrödinger wave equations. Since the resolution of the wave equations is complex, the program uses several simplifications and, consequently, corrections to minimize the errors obtained with the approximations used. Each type of simplification and correction corresponds to a different model in the resolution of the Schrödinger equation. The models are formed by the combination of a theoretical method and a basis set. The calculation optimizes the geometry and frequency of the molecule to a local minimum.
A theoretical method usually involves a trade-off between accuracy and computational cost. The ab initio methods G2 and G3 are, usually, the most rigorous and precise approaches, but they require a high computational cost. The ab initio method B3LYP presents good accuracy and has a relatively low computational cost. The B3LYP method, which has been emphasized in this work, belongs to the DFT (Density Functional Theory) group and identifies Hartree-Fock exact change gradient methods (ACM methods, adiabatically coupled-functionals) [34, 35] .
A basis set is a mathematical description of the orbitals within a system used to perform the theoretical calculation. The basis set used is the 6-31G, which consists of atomic orbitals expressed as fixed linear combinations of Gaussian functions, where the inner shells are represented by a single base function taken as a sum of six Gaussian. The complement is "(d, p)", where "d" adds polarization functions on the main atoms and "p" adds functions in atoms of hydrogen [36] . The B3LYP/6-31G (d,p) model, wherein all the vibration frequencies are positive and minimum local energy are stable molecules, was already used and presented excellent results in other authors' works [15, 33] .
Another method for estimating enthalpy of formation and Gibbs free energy of formation is the group contribution method. This method has as a principle that the properties of the structures of the chemical components are always the same regardless of the type of the molecule. It predicts properties of pure components and mixtures using properties of the group or atom, thus drastically reducing the number of data required for estimate.
The group contribution methods have the disadvantage of not differentiating isomers. Molecules of the same functional group, but with different arrangement of their groups, are seen as equal by this method.
This may lead to greater errors in the estimation of Gibbs free energy of formation.
Scientific papers [37, 38] compared numerous methods of group contribution to estimate triglyceride and ester properties, and concluded that the method of Constantinou and Gani [39] , used in this work, presented one of the best results to calculate properties thermodynamics of formation.
The present work has as its main objective the calculation of Gibbs free energy of formation and enthalpy of formation of esters of long chain (biodiesel), whose values are not available in the literature. The biodiesel molecules estimated derive from the transesterification reaction between the five major alcohols (methanol, ethanol, n-propanol, n-butanol and n-pentanol) and the five major fatty acids (palmitic acid, stearic acid, oleic acid, linoleic acid and linolenic acid). All the thermodynamic data used and generated in this research are in the standard state, that is, they are the temperature of 298.15 K and the pressure of 1 atm. Calculations are performed using the Gaussian quantum chemistry software and the group contribution method of Constantinou and Gani. As the results obtained by both methodologies are not numerically satisfactory, this work also aims to adjust the estimated values by means of correction parameters.
METHODOLOGY
Gaussian quantum chemistry software The initial step was the design of the molecules. In all, 49 molecular structures of fatty acid esters have been built, molecules of molecular weight between 60.05 g/mol (methyl methanoate -C 2 H 4 O 2 ) and 354.61 g/mol (pentyl stearate -C 23 H 46 O 2 ). The program used to build molecular structures was Avogadro 1.2.0 [40] . It was chosen to design them with planar geometry and in the transconformation to have a pattern between the structures of the molecules for the subsequent determination of correction parameters, as can be seen in the design of the ethyl linolenate molecule in Figure 1 .
After being designed, the molecules were submitted to CENAPAD (National Center for High Performance Processing in São Paulo) via SSH, a program used to access another computer using a network. The calculations were performed on a single 8 GB RAM processor in the SGI environment. The SGI Altix 1350 / Altix 450 system installed in CENAPAD--SP has 174 Intel Itanium2 CPUs (278 colors), 866 GB RAM, NUMAFlex Generation 4 technology, Infiniband interconnect, and SGI TP9300 storage system with 43 TB. The theoretical processing capacity of the system is 1.5 TFLOPS. The Gaussian version available in this environment is the Gaussian 03W [17] .
The G2 method was compared with B3LYP for the estimation of the thermodynamic properties of the fatty acid esters. Both models used the same basis set of 6-31G(d,p), and because of the better results, the B3LYP/6-31G(d,p) model was used to perform the calculations. The calculation was performed to optimize the geometry of the molecule, where the molecule is optimized to a local minimum, and to calculate the frequency, that provides the sum of electronic and thermal enthalpy and the sum of electronic and thermal free energies.
Firstly, to perform the calculations of interest, the elementary atoms that form the molecules (C, H and O) were also submitted into the Gaussian. The data obtained from the Gaussian, through calculations of optimization of geometry and frequency, are electronic energy, enthalpy correction, and Gibbs free energy correction. With the data obtained from the elementary atoms and the molecules of interest, the atomization enthalpy and the atomization Gibbs free energy are calculated by Eqs. (1) and (2) [33] :
o e l t h e r m atom el therm el therm el therm The enthalpy of formation of the molecule can be written as a function of the enthalpy of atomization of the molecule and the enthalpies of formation of each atom that makes up the molecule, which can be seen in Eq. (3). In the same way, the Gibbs free energy of formation of the molecule can be written as a function of the Gibbs free energy of atomization of the molecule and the Gibbs free energies of formation of each atom that makes up the molecule, which can be seen in Eq. (4): (4) . These data are listed in the literature in the standard state [33, [41] [42] [43] [44] .
The values obtained from Eqs. (3) and (4) were not quantitatively adequate, that is, the values were not close to the literature values. Thus, the insertion of three error correction parameters for the minimization of the error functions of Eqs. (5) and (6) was proposed [33] : Correction parameters were not entered in relation to the number of oxygen atoms since all the molecules studied have the same number of oxygens, which were 2 oxygens. Literature data of 26 molecules were used to determine the correction parameters. The process of minimizing the objective error functions was performed in the GAMS optimization program (version 24.9.2) with the solver CONOPT2 [45] .
All the thermodynamic values used in the comparison with the estimated values came from the DIPPR database through DIADEM software [46] . DIADEM is a graphical interface for the extensive database of DIPPR ® 801 pure components. Making the process of visualization, calculation, plotting and comparison of the thermophysical properties of the database more intuitive.
After obtaining the correction parameters of Eqs. (5) and (6), the values of the formation enthalpy and the Gibbs formation free energy were corrected by Eqs. (7) and (8), becoming values closer to reality [33] : For the adjustment, a large range of molecules were used whose molecular weights ranged from 60.05 g/mol (methyl methanoate) to 296.49 g/mol (methyl oleate). With this, the extrapolation provides efficient values for molecules whose molecular weight is not very different from those that were used in the adjustment. The extrapolation was done for molecules with molecular weight between 270.45 (methyl palmitate) and 354.61 g/mol (pentyl stearate). Thus, no molecules that had their extrapolated thermodynamic data presented molecular weight higher than 20% of the molecular weight of the molecules used in the adjustment. A simplified flowchart describing the Gaussian methodology is shown in Figure 2 .
Group contribution method of Constantinou and Gani (MCG)
The group contribution method of Constantinou and Gani uses tabulated data from chemical groups to estimate molecular thermodynamic properties. There are 76 types of first order groups and 41 types of second order groups [39] . Calculation of enthalpy of formation (kJ/mol) is shown in Eq. (9), while the calculation of Gibbs free energy of formation (kJ/mol) is shown in Eq. (10):
o f
o f k j k j G mol N gf k W M gf j (10) where N k is the number of first-order groups of type k in the molecule, and M j is the number of second-order groups of type j in the molecule.
In this methodology, correction parameters were also found by Eqs. (5) and (6), and new properties corrected by Eqs. (7) and (8) were calculated.
RESULTS AND DISCUSSION
Data from the literature [46] and the relationship between the errors obtained, together with the standard deviation, before and after the adjustment to the enthalpy of formation of 26 molecules is shown in Table 1 . It shows that before the adjustment, the errors of the two methodologies were similar. After the adjustment, the error had a more significant fall for the Gaussian estimation. In the Gaussian methodology, methyl acrylate presented a significantly higher error, compared to the other molecules, before and after the adjustment. In the MCG methodology, the methyl esters presented the largest errors, before and after the adjustment. Table 2 shows the data from the literature [46] and the errors obtained, together with the standard deviation, before and after adjustment for Gibbs free energy of forming 26 molecules. It shows that the MCG methodology was the best before adjustment. However, after adjustment, the Gaussian methodology proved to be better.
In Tables 1 and 2 it is noted that the methodology via MCG before the adjustment is not so suitable to estimate properties for molecules with unsaturation. Besides that, the Gaussian method proved to be more accurate after adjustment, due to the smaller mean and deviation error. However, the errors found after the adjustment are often less than the errors found experimentally. Table 3 shows the values obtained for the correction parameters of Eqs. (5) and (6) . Table 4 shows the estimated enthalpy of formation and Gibbs free energy of formation of 23 molecules, based on the two methodologies proposed by this work, together with the module of the difference between the values found (Δ).
From Table 3 it can be noted that the carbon atom gives a negative gain for the fit, while the hydrogen atom gives a positive gain. This occurs for both the enthalpy of formation and the Gibbs free energy of formation for both methodologies. Table 4 shows that the values present a greater divergence for the linolenates, probably due to the greater number of unsaturation, since the MCG methodology is not very accurate in estimating values for molecules with unsaturation. Table 4 . Enthalpy of formation and Gibbs free energy of formation estimated by Gaussian and MCG methodologies (Eqs. (7) and (8) 
CONCLUSIONS
The proposed methodology proved to be efficient in predicting enthalpy of formation and Gibbs free energy of formation values for different ester molecules. Without correction parameters, Gaussian methodology provides an average error of 2.433% for enthalpy and 8.192% for Gibbs, while MCG gave an average error of 2.431 and 3.829%, respectively. With correction parameters, the mean deviation between the experimental and calculated values was 0.723% for enthalpy and 1.087% for Gibbs, whereas for MCG, it was 1.324 and 2.540%, respectively. These values show the importance of correction parameters based on experimental data for a more accurate calculation of the thermodynamic properties. As the error increases with the size of the molecule, extensive extrapolations in both methods should be avoided. The methodology used in this work proved to be a useful tool in the calculation of thermodynamic data that is difficult or impossible to obtain experimentally.
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